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SIJMAiEr 
Investigations were made of the solvent extraction of thorium 
nitrate with tributyl phosphate from aqueous solutions containing 
phosphate, sulfate and nitric acid. It was the specific objective 
to develop a process to produce pure thoriTnn from a thorium concen­
trate obtained by the selective precipitation of thorium phosphate 
from a juonazite-sulfuric acid solution. 
A stutfy of the effect of a diluent in the solvent mixture led to 
the choice of 60 per cent tributyl phosphate - 20 per cent inert 
diluent. The effects of phosphate, sulfate and nitric acid on the 
thorium distribution coefficient were studied in detail. The thorium 
distribution coefficient was greatly decreased by the presence of 
phosphate, decreased to a lesser extent by the presence of sulfate, 
and greatly increased by the presence of large amounts of nitric acid. 
It was found that, by the use of high concentrations of nitric acid, 
the detrimental effect of phosphate and siiLfate could be overcome and 
thorium extracted from solutions containing up to 20 grams per liter 
phosphate (^2^5^ and/or sulfate. 
Because the use of 80 per cent tributyl phosphate afforded only 
a small difference in density between the solvent and aqueous phases, 
it was necessary to develop a mixer-settler with exceptionally good 
interface level control. The principle of operation and the design of 
both a laboratory glass unit and a box-type unit adaptable to 
industrial use are discussed. 
A pilot plant eactractor was assembled and a continucus counter-
current extraction run was made. The capacity of the unit was 0.39 
pounds of thorium per hour. The feed, containing about equal parts 
thorium and rare earths, was prepared flt^m a thorium phosphate con­
centrate from the Ames monazite process. There were seven stages in 
the extraction section, nine stages in the scrab section, and five 
stages in the strip section. The recovery of thorium was 92 per cent 
and the product thorium contained less than four parts per million 
total rare earths. The selection of operating conditions for the run 
and the interpretation of the data are discussed. 
A preliminary cost estimate was made of a process to purify 
thorium from the thorium concentrate from the Aiaes monazite process. 
The total conversion cost for a production rate of five tons of 
thorium per month was about $2.07 per pound of thorium. 
-> 
INTEODUCTIOK 
Thoriiim, the ninetieth element in the periodic table, is one of 
the two sources of fissionable material. Tne other, natural uranium, 
furnishes both ^'235# only natural isotope which is fissionable, 
and U23g which can be transmited to fissionable Thorium, 
existing as Th 2^2* ^ transmated to fissionable Both 
transmutations involve neutron capture followed by two beta particle 
emnissions. At present, ^235 purity necessary for use in a 
nuclear reactor is obtained by laborious means from natural uranium. 
Due to the relative simplicity of separating plutonium from uranium 
and uranixan from thorium, the transmutation of U228 232 ^  
capture of the surplus neutrons of nuclear reactoi^ is a very 
attractive method of obtaining fissionable isotopes. The uraniinn to 
plutonium transmutation has been used on a production scale, while the 
thorium transmutation is still in the early stages of development. 
The relative cost and abundance of the two materials indicate, however, 
that the eventual use of thorium is inevitable. 
Although thoriiaa is found in many minerals, monazite sand is the 
only ore of commercial is5x>rtance. Deposits are found in Brazil, 
India, Russia, Scandinavia, South Africa, and the united States, 
Previously, the United States imported its monazite from India and 
Brazil. At present, denial of these sources has led the United States 
to develop its domestic deposits, which are of comparatively poor 
quality, and to negotiate the development of the South African deposits. 
The work with which this thesis is concerned was part of the 
development of a process for producing high purity thorium from 
laonazite sand (7). The major parts of the process were: 
1. Digesting the monazite sand with 93 per cent sulfuric 
acid and dissolving the mass in water. 
2. Separating the components of the solution by fractional 
precipitation into three concentrates: a thorium concentrate, a 
rare earth concentrate, and a uranium concentrate. 
3. Purifying the thorium l3y solvent extraction of a nitric 
acid solution of the thorium concentrate. 
The general objective of this research was to develop the step 
dealing with the solvent extraction purification of the thorium. 
This was complicated by the fact that the thorium concentrate was a 
mixture of the phosphate and sulfate salts of the metals and both of 
these anions interfered with the extraction of thorium. The specific 
objectives were: 
1. To establish the feasibility of selectively extracting 
thorium nitrate from a nitric acid solution of the thorium concentrate. 
2. To determine the effect of the concentrations of the compo­
nents of this solution on the extractability of thorium in order to 
establish the operating conditions for the solvent extraction 
operation. 
3« To demonstrate the operation on a pilot plant scale. 
To establish the economic feasibility of the operation. 
REVIEW OF THE LITER&TUBE 
Monazite is a hard crystalline material, the principal chemical 
constituents of which are the orthophosphates of the cerium rare 
earths. Usually it contains from two to ten per cent thorium, and up 
to one per cent uranium. Sapurities such as rutile and silica are 
found in coinmercial monazite. 
The recovery of thorium from monazite sand generally involves two 
distinct operations: the opening of the sand to render the components 
soluble, and the separation of the thorium from the rare earths. There 
are only two methods of opening the sand which are of industrial 
iit5»ortance. The first is the digestion of the sand in sulfuric acid 
at 200 degrees centigrade for a few hours (6), and the second is the 
digestion of the sand in caustic soda solution (8). 
The difficulty in separating the rare earths and thorium is 
indicated by the amount of research devoted to the problem and the 
number of process patents granted (3). Few of the patented processes 
have been used industrially. Before the advent of the Atomic Energy 
Commission, aTT separations were of a chemical nature involving frac­
tional precipitation and crystallization. Lindsay Chemical Co., the 
largest processor of laonazite sand, still uses such a method. Chemical 
methods for purifying thorium >0.11 not be discussed here because they 
are fundamentally different from solvent extraction separations. A 
complete report of chemical separation methods was compiled by 
Willigman and Slowter (30). 
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Early Solvent Extraction of Thorium at Araes Laboratory 
The first atten^Jt at purification of thoriura lay coiintercurrent 
solvent extraction was undertaken hy the Aines Laboratory in l?li5 (27). 
Lindsay mantle grade thorium nitrate tetrahydrate, purchased for 
reduction to the metal, was found to contain excessive amounts of 
cainim, boron and rare earths. Purification was accomplished by 
emplojdng a liquid-liquid countercurrent solvent extraction operation 
with center feed, using a feed of O.iUi molar thorium nitrate, 3»0 molar 
calcium nitrate and 3-0 molar nitric acid; a solvent of 20 per cent 
tributyl phosphate - 80 per cent dibutyl etherj and, an aqueous calcium 
nitrate and nitric acid scrub. The extraction apparatus was a three-
inch glass column thirty feet high, packed with quarter-inch Berl 
saddles. The thorium was stripped from the solvent in a second column 
and the solvent was recycled. 
The success of th3.s venture led. to considering the application of 
solvent extraction techniques to replace the complex thorium rare 
earths separations based on chemical processes. This line of study was 
undertaken simultaneously the Battelle Memorial Institute and the 
Imes Laboratory. 
Battelle Mona^ite Process 
The Battelle process for processing monazite sand consisted of the 
following steps: 
-7-
1. Reaction of the monazite sand with 73 per cent sodium 
i^droxide solution at 280 degrees Fahrenheit for three hours to pro­
duce the hydroxides of the metals# 
2. Filtration at 150 degrees Fahrenheit to separate the metal 
hydroxides from the sodium phosphate and excess sodium hydroxide. 
3. Dissolution of the jnetal hydroxides in hydrochloric acid. 
ii. Fractional precipitation of thorium hydroxide by adjusting the 
pH to 5,8 with wEiste caustic. 
5. Multiple filtration and repxilping operations to separate the 
thorium from the bulk of the rare earths, 
6. Dissolution of the thoriina filter cake in nitric acid to 
prepare feed for the solvent extraction operation. 
7. Solvent extraction of the nitric acid solution to separate 
the thoriim from coprecipitated rare earths and other impurities. 
This process is described fully along iri.th the experimental -work 
on which it is based in two reports by the Battelle Memorial 
Institute {9» 10). 
Ames Monazite Process 
The Ames monaaite process, with which this work is primarily con­
cerned, consists of -Uie following steps; 
1. Digestion of the monazite sand with sulfuric acid in a five-
hour cycle during which the temperature goes from 160 degrees centigrade 
to a maximum of 230 degrees centigrade in the fiirst hour. 
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2» Dissolution of the digested inass in water to give a laonaaite 
sulfuric acid solution of 0,02k povinds of thorium per gallon. Separation 
of the buli of silica and ratile is effected try decantation. 
3» Dilution of the monazite solution and fractional precipitation 
of thorium phosphate adjusting the pH to 1.05 with ammonia. Some of 
the rare earths accompai^r the thorium as double sulfates, 
U. Filtration of the solids. 
5. Dissolution of iiie thorium filter cake in nitrdc acid and 
removal of the insoluble silica-titanium sludge to prepare feed for the 
solvent extraction operation. 
6. Solvent extraction of the nitric acid solution to separate the 
thorium from the rare earths and other impurities. 
The rare earths and uranium are recovered further neutralization 
of the filtrate from step 1+. By making a fractional precipitation at a 
pH of 2.3j the bulk of the rare earths can be separated from a \xranium 
concentrate (7). 
Comparing the two processes, it is seen that the digestion step of 
the Battelle process is more costly because of slightly higher chemical 
costs and more severe processing conditions. The economical advantages 
of the Battelle process depend on three major points: First, the 
excess caustic used in the digestion can be recovered for reusej second, 
the trisodium phosphate resulting as a by-product of the digestion can 
be recovered and sold; and third, the nitrate solvent extractor feed 
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which is produced, being essentially free of phosphate, is much more 
easily processed than would be a feed containing phosphate. 
The economic advantages of the Ames process depend upon two major 
points: First, the chemical costs of the digestion and precipitations 
are low and no by-product recovery is necessary; and second, the 
solvent extraction of thorim from feed solutions containing phosphate 
is not sufficiently eapensive to warrant the chemical removal of the 
phosphate. The basic difference in philosophy of the work of Battelle 
and the woric included in this thesis is whether to remove phosphate or 
to compensate for it. 
The investigations that were most vrluable in supplementing the 
work reported in this thesis were those of other Atomic Energy 
Commission installations engaged in the extraction of thorium and 
uranim nitrates with tributyl phosphate using different systems and 
with different puiposes in mind. The principal contributors were 
Battelle Memorial Institute, Oak Ridge National Laboratory, New Brunswick 
Laboratory, and the University of California Radiation Laboratory. The 
works of these laboratories will be cited in the bocJy of the thesis as 
the occasions arise. 
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SOLVENT EXTRACTIOK THEORT 
VIben two liquid phases -Hith a eoimnon solute are brought into 
contact, the solute will distribute itself betseen the two phases. 
Viben equilibrium has been attained, the ratio of the concentx^tion in 
one phase to the concentration in the other is called the distribution 
coefficient. In this thesis the distribution coefficient, denoted by 
"K," will be the concentration in the organic solvent divided ly the 
concentiration in the aqueous phase. A subscript will be used to denote 
i^ch coz^nent is being considered. 
In continuous countercurrent liquid-liquid extraction with an 
intenoediate feed stage the solvent and the aqueous phase pass through 
the extractor as shown in Figure 1. Each theoretical stage represents 
the contintious operation of bringing the solvent and the aqueous phase 
to equilibrium. 
An aqueous-tributjl phosphate system, falling into the class of 
mutually isBniscible solvents, is most conveniently analyzed using a 
siji^le X-X diagram. On this diagram the equilibrium distzlbution of 
the solute is plotted where I is the concentration per unit aqueous 
solvent and T is the concentration per unit organic solvent. VSien the 
solvent flow rate, Q^p, and the aqueous phase flow rate, Q^, are 
constant Sroa stage to stage, a material balance can be made encosqpass-
ing any number of stages from the raffinate end of the unit to give the 
relation shown in Equation (1). 
In • • 1- V * 
Op 
Qm 
I Or 
0^ . 
-• — — *-
1 2 n n +1 n + 2  / 
% 
Extraction Section 
% 
Qc 
Scrub Section 
Subscripts 
Q Voluiaetidc flow rate 
I Solute Concentration 
in aqiieous phase 
T Solute concentration 
in solvent phase 
T Solvent 
F Feed 
R Raffinate 
S Aqueous (Scrub Section) 
P Product 
A Aqueous (Extraction Section) 
o Initial Condition 
FIG» 1 SCHEMATIC DIiGRAI4 OF STAGE-WISE 
COUNTERCURRENT SOLVEKT EXTRACTION 
'U-
This equation plotted on the X-T diagram becomes the operating line# 
In the cases under consideration, " 0. Figure 2 shows a Igrpical 
X-X diagram* l/v'hen the distribution coefficient is constant, as will 
be the case in at least part of this study, the equilibrium line is 
straight, expressible as T • KX. Analysis is sij?>lified multiplying 
T by the ratio of flow rates, Qj/Q^> and calling this quantity 2. The 
equilibrium line becomes Z " K(Q<j|yQj^)X, and the operating line becomes 
Z • X - Xjj» This is shown in Figure 3« ^7 the geometry of the diagram 
it can be shosn that the per cent recovery of the solute can be 
expressed in terms of the factor K(Qji/Q^), known as the extraction 
factor, and the number of stages. The analytical expression is shown 
in Equation (2). 
£ is the extraction factor, n is the number of stages, and X^ is the 
concentration of solute in the entering feed (26, 20)« 
The solvent extraction operation is performed using an extractor 
of three sections: the extraction section, the scrub section and the 
strip section. In the extraction section the thozdum entering with 
the feed is tran^iferred flm the aqueous phase to the solvent phase, 
and in the scrub section an aqueous stream passes countercurrent to 
the thorium-laden solvent and washes the rare earths and other u^iuri-
ties bade into the extraction section* iU is^urities eventually leave 
in the raffinate stream, and virtually all of the thorium is carried 
with the solvent into the strip section where it is transferred from 
^ S - ^  (2) 
TYPICAL X-Y DIAGRAM 
FIG. 3 MODIFIED 
WHERE 
X-Y DIAGRAM 
Y = KX 
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the solvent to an aqueous stream which leaves as the product. This 
picture is an over-simplification of the operation, since some transfer 
of gTT components goes on to some degree in all sections of the 
extractor, and it is the difference in extraction factors which inakes 
the separation possible. 
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LABQEATORI INVESTIGATIONS 
Discussion of the System 
The system under consideration consists of a nitric acid solution 
of the thorium concentrate from the Ames process and a solvent which 
is a mixture of tributyl phosphate and a paraffin diluent. The choice 
of tributyl phosphate as the organic solvent was based on the results 
of solvent searches conducted by several Atomic Energy Conmission 
laboratories, including this one (3> 15» 17j 29). 
The solutes of the ^stem are thorium nitrate, rare earths 
nitrates, nitric acid, phosphate and sulfate. 
Since the phosphate and sulfate are extremely insoluble in the 
solvent phase, they are of constant concentration in the extraction 
section and absent from the scrub section. The nitric acid, since it 
is present in much larger proportions than other solutes, can be 
considered to be independent of the other solutes. This assumption was 
checked early in the investigations and found to be reasonably valid. 
The rare earth distribution coefficient seems to be affected 
somewhat by the concentrations of the other solutes but does not 
exceed 0.5 in the extraction section. A typical flow ratio of solvent 
to aqueous phase in the extraction section is 0.5» ^ applying these 
values and an infinite number of stages in Equation (2), it is found 
that the maximum ratio of feed stage concentration to raffinate concen­
tration is about l.U. Vdth this information and a reasonably acc\n'ate 
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knowledge of the distribution coefficient for the rare earths in the 
scrub section, provision for removing the rare earths to any specified 
limit can be made. 
The primary problem in perfonaing the required separation is 
getting the thorium into the solvent in spite of the detrimental 
effect of the phosphate and sulfate accompanying it. With this in 
mind, a large portion of the research was concerned with the extracta-
bility of thorium. 
Thorium Distribution Coefficient 
Thorium distribution coefficients were studied as a fxinction of 
every component which was present in the aqueous phase. Except for 
cases where it is stated otherwise, single batch contacts were made 
where the initial thorium concentration in the aqueous phase was about 
ten grams per liter. The values given for all other components are 
the concentrations in the aqueous phase at equilibrium with the solvent. 
Considerable attention was paid to the nitric acid concentration, 
since the distribution coefficient for thorium depends critically upon 
it, and nitric acid does go into the solvent phase. Before each batch 
extraction the solvent phase was pre-equilibrated with the proper con­
centration of nitric acid. The assumption was made that the small 
amount of thorium present would not seriovisly affect the nitric acid 
distribution. The aqixeous phase was made up with the nitric acid 
concentration it was intended to maintain. 
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ATl thorium distribation coefficients determined for this study 
are listed in Appendix B* 
Effect of diluting tribatyl phosphate 
TBP (tribatyl phosphate) is a clear -viscous liquid with a specific 
gravity of 0,97j and is frequently tised with some light, inert diluent. 
In this study the Tise of a diluent was found necessary. Undiluted TBP 
laden with thorium nitrate is, for a considerable range of concentra­
tions, heavier than the aqueous p^se with which it is in equilibrium. 
Workers at Battelle Memorial Institute carefully considered the 
effect of a diluent and evaluated several commercial solvents on the 
basis of physical and chemical properties (?)• For non-polar, inert 
diluents using 50 per cent diluent in the solvent mixture, the variation 
of the thorium distribution coefficient was about 0,5 per cent, indicat­
ing that when using less than 50 per cent diluent, the choice of inert 
diluent does not substantially affect the performance of TBP. The 
diluent chosen for distribation coefficient studies was pure grade 
n-hepta3ie. 
Figure U shows the detrimental action of the diluent on the effec­
tiveness of TBP in a system containing ei^t grams per liter 1*2%' 
9.5 grams per liter S0|^ and 5*0 moles per liter nitric acid. The 
corrected thoiium distribution coefficient, K'^, which is the distriba­
tion coefficient divided ty the volume fraction of TBP in the solvent, 
allows interpretation of the data on a diluent-free basis. 
2.0 
0.7 
0.5 
0.3 
0.2 
Th 
0.0 7 
0.0 5 
0.03 
0.0 2 
0.01 
0 20 60 40 100 80 
P E R  C E N T  T B P  
FIG. 4 EFFECT OF DILUENT ON 
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Conparing the investigations of other laboratories, it appears 
that the effect of the diltient varies with the cocipoaents of the 
systeia. Data are presented by Blackmore (5) giving the distribution 
of thorium in simple nitrate systeras at five molar nitric acid for 
25 per cent, i(,0 per cent and 50 per cent TBP with benzene as a diluent. 
When corrected to a diluent free basis, these data indicated that for 
aqueous concentrations of thorium below ten grams per liter the 
effectiveness of TBP was markedly decreased by the diluentj but for 
higher concentrations, the diluent had almost no effect. This was 
generally confinned in all available literature. 
Bartlett presented data for uranixca extraction (2) which showed 
that the effectiveness of TBP was enhanced by a diluent when the 
aqueous acidity was below five molar. This effect did not occur above 
five molar nitaric acid. 
Data presented by Calkins (9) showing the effect of nitric acid 
using 50 per cent TBP is plotted in Figure 5 T'fith some data from the 
author's investigations using 80 per cent TBP. The distribution 
coefficients have been corrected to a diluent-free basis for comparison. 
The 80 per cent TBP data were run at eight grams per liter PgO^ and 
would be e35>ected to fall below the 50 per cent TBP data which were run 
at 5.3 grams per liter ^ 2%* increased effect of nitric acid with 
the higher pereentages of TBP agrees in part with Bartlett's observa­
tions. 
20 
I 0 
7 
5 
3 
2 
I 
0.7 
HNO3 (MOLS PER LITER , AQUEOUS) 
FIG. 5 COMPARISON OF 80 PER CENT TBP 
AND 50 PER CENT TBP 
+  D A T A  F R O M  C A L K I N S  ( 9 )  
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There was an indication in the analysis of data presented by 
Ewing (II4.) that the presence of sulfate and phosphate decreased the 
detrimental effect of the diluent. In some instances it was found that 
25 per cent TBP was more effective than $0 per cent TBP when compared 
on a diluent-free basis. This was not confirmed by Hodden (22), who 
found that the effectiveness of TBP was roughly halved by going from 
50 per cent to 22.5 per cent TBP when extracting from aqueous phases 
containing up to 1^0 grams per liter ^ 2^5* 
It was decided to standardize on 80 per cent TBP - 20 per cent 
diluent, by volume, as the solvent, and this was used throughout the 
rest of this woiic. This was about the highest TBP content which 
assxired a significant density difference between the aqueous and 
solvent phases in the range of thorium concentrations used, and was 
found in the subsequent studies to be quite satisfactory. 
Effect of phosphate and nitric acid 
The success of the solvent extraction operation is critically 
dependent on whether the detrimental effect of phosphate can be over­
come by the \ise of nitric acid. Both of these components are capable 
of changing the thorium distribution coefficient by large factors. 
The results of the study to determine quantitatively the effect of 
phosphate and nitiric acid are shown in Figures 6 and 7. The study 
represented Figure 6 was conducted with 9.5 graas per liter sulfate 
in the aqueous phase. The study shown in Figure 7 was conducted in the 
absence of sulfate and covered higher nitric acid range. Both studies 
-22-
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show the characteristic lowering of the thorium distribution 
coefficient with increasing phosphate concentration. Figure 7 shows 
lines of constant ratio of to nitric acid which indicate that 
the thorium distribution coefficient is increased by increasing both 
of these coB^wnents proportionally. This effect probably occurs only 
at high concentrations of TBP since, as shown previously in Figure 5> 
the effect of nitric acid is considerably less for $0 per cent TBP, 
Rodden (22) reported data similar to these using 50 per cent and 
22.5 per cent TBP and an initial nitric acid concentration of five 
molar. Although the distribution coefficients which he obtained were 
on the order of a fiftieth of those with which this work is concerned, 
the appearance of his curves of the thorium distribution coefficient 
versus phosphate concentration was identical to the appearance of those 
shown here. A comparison of the partial derivatives of log K with 
respect to phosphate concentration of his plot and of the curves shown 
in Figure 6 checked within a few per cent. 
Calkins (9) reported data showing the effect of phosphate from 
zero to seven grams per liter using 50 per cent and 25 per cent 
TBP. His data, though restricted to the dilute range, seemed to be 
consistent with liie data presented here. 
Tfihen there was no sulfate or phosphate present, and when the 
thorium concentration was less than about twenty grams per liter, the 
thorium distribution coefficient was found to be related to the acidity 
Equation (3). 
» 2.5 (3) 
The acidity, H, is in mols of nitric acid per liter. The relation, 
while empirical in nature, is fairly accurate in the range of 
acidities from 0.1 to 3.0 molar. 
Effect of sulfate 
The thoritm concentrate which serves as a starting point for the 
solvent extraction operation contains rare earths, roost of which are 
present as a double sulfate salt. The effect of sulfate in the 
extractor is to lower the distribution coefficient of thoritaa. Figure B 
shows the effect of sulfate for a phosphate concentration of eight grams 
per liter. It should be noted that all the curves have about the 
same slope. From this it was possible to esqiress the effect of sulfate 
on the thorixaa distribution coefficient as a logarithmic function. 
S) 
is the distribution coefficient, is the distribution coeffi­
cient with no sulfate present, and S is the sulfate concentration in 
grans SO]^ per liter. The equation was found to work well with data 
obtained at twice the phosphate concentration, but was not found 
applicable to systems free of phosphate or using more dilute TBP. 
Calkins (9) demonstrated that the addition of ten grams of sulfate per 
liter could result in a thorium distribution coefficient decrease ty a 
factor of from ten to twenty. 
20.0 
7.0 
5.0 
3.0 
2.0 
Th 
0.7 
0.5 
0.3 
0.2 
30 50 20 40 
SULFATE (GRAMS SO^ PER LITER) 
FIG. 8 EFFECT OF SULFATE ON Kjh 
'21' 
Effect of ferric nitrate 
The use of ferric nitrate was considered as an alternative to 
using nitric acid for covinteracting the effect of phosphate. The 
ferric ion is very effective and nust be considered more than a simple 
salting-out agent. As shown in Figure 9, just a few grans per liter of 
ferric ion are capable of increasing the thorium distribution coefficient 
markedly. Figure 10 shows the effect of increasing the phosphate con­
centration in systems with and without ferric nitrate. Kiese studies 
were laade with a sulfate concentration of 9.5 grams per liter. 
The main disadvantage of using ferric nitrate is that it would be 
discharged in the raffinate as ferric phosphate, where it could not be 
reclaimed. In addition to complicating the recovery of the rare earths 
from the raffinate, the cost of commercial ferric nitrate is quite high. 
Even if it were prepared by dissolving scrap iron in nitric acid, the 
cost of the nitric acid lost in the oxidation reaction would be high. 
Effect of rare earths 
It is believed that the rare earths tend to increase the thorium 
distribution coefficient slightly by salting the thorixaa out of the 
aqueous phase. The effect, however, is so slight in the moderate con­
centration range that it is not necessary to correct the thorium 
distribution coefficient for it. 
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Effeet of thoritm 
The effect of thoriTim on its own distribution coefficient is 
considered separately for the extraction section and the scmib section. 
The extraction section has characteristically lov7 concentrations 
of thoriTjm, exceeding 50 grams per liter only at the feed stage. For 
thorium concentrations below this value the distribution coefficient 
does not depend too much upon the thorium concentration. Batch extrac­
tions in the presence of phosphate indicated that the thorium distribu­
tion coefficient was decreased ty 20 per cent "when the initial thorium 
concentration was increased from k»0 to 1;0 grams per liter. 
The scrub section is characterized by high concentrations of 
thorium, very low concentrations of rare earths, varying concentra­
tions of nitric acid and the absence of s-olfate and phosphate. Under 
these conditions the distribution coefficient concept riTist be replaced 
by the equilibrium curve concept. Gercke (16) presented equilibrium 
curves for thorium xising 80 per cent TBP - 20 per cent carbon tetra­
chloride at neutrality and one molar nitidc acid. These are shown in 
Figure 11. That these data are applicable to other ^ rstens using inert 
diluents was established by Gercke in his presentation of them. 
Distribution Coefficients of Contaminants 
The most significant contaminants in the thorium feed are the 
cerium rare earths. Through most of the studies made by the author the 
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distribution coefficient for the combined rare earths was between 
0.1 and 0,2f and was usually 0.12* 
Blackmore (5)> of Battelle Memorial Institute, conducted extensive 
studies on the distribution of rare earths between an aqueous phase 
and solvents of low TBP content. For the studies discussed here he 
used benzene for a dilvient and five laolar nitric acid in the aqueous 
phase. A study- of the effect of TBP content in the solvent on the rare 
earth distribution coefficients indicated that the cerium and sajaarium 
distribution coefficients were lowered in a manner similar to the 
distribution coefficient for thorium. Figure 12 shows his data supple­
mented at 80 per cent and 100 per cent TBP by the author. This plot 
also shows that there is a difference in distribution coefficients for 
different rare earths. Other data showed that, under scrub section 
conditions, samarium had the highest distribution coefficient among the 
rare earths. It is fortunate that there is veiy little samarium in the 
thorium concentrate. 
One of the most significant effects noted was the lowering of the 
rare earth distribution coefficient by an increase in the iiiorium con­
centration in the solvent phase. Figure 13 is a plot of Blackmore's 
data for thulixan, with the distribution coefficient and thorium 
concentration corrected to a diluent-free basis. Notice that the 
curves for all TBP concentrations have about the same slope. If this 
could be applied to 80 per cent TBP, the following egression would 
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correct the rare earth distribution coefficient for the effect of the 
concentration of thoriian in solvent: 
. io-( 0.0051. ITH ) . (S) 
g is the rare earth distribu"lrf.on coefficient, % 2 q rare 
earth distribution coefficient in the absence of thorium, and is the 
thorium concentration in grams ThOg per liter of solvent. 
Another interesting point brought out by the work at Battelle was 
that the concentration of the rare earths has no effect upon their dis­
tribution coefficient from very small concentrations up to 68 grams per 
liter. 
The other contaminants that are likely to be present in the feed 
include such things as iron, nickel and chromium, all of which are 
present in very small quantities and some of which owe their presence 
to equipment corrosion. These contaminants all have distribution 
coefficients much lower than either thorium or the rare earths and 
generally cause no trouble. 
There is uranium present in the thorium feed to the extent of 
about 0.2 per cent. The uranium will follow the thorium in all opera­
tions covered here. It is possible to separate the i^orium from the 
uranium ty a rnaaber of methods. Three attractive methods are: the 
selective stripping of thoriian from the solvent using dilute nitric 
acid (9); the \ise of an ion exchange technique to remove the uranium 
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from the aqueous product; and the oise of a selective precipitant for 
thorium from the aqueous product. 
Methods are being studied ly other investigators to remove the 
uranium at an earlier point in the Ames monazite process. 
Nitric Acid - Solvent Systems 
The system most effective in accoii5)lishiiig the purification of 
thorium involves both high and low nitric acid concentrations. The 
feed entering the extractor is quite concentrated in nitric acid, while 
the scrub solution is quite dilute in nitric acid, and the solvent 
enters virtually free of acid. The behavior of the nitric acid as a 
solute in the extraction operation is important. 
Figure ll; is part of the temaiy diagram for nitric acid - water -
TBP systems. The solubilities wei« determined by titrating single 
phase mixtures to turbidity. The 80 per cent TBP - 20 per cent 
n-heptane mixtiare was considered a single component for the study of 
the solubility of water and nitric acid in the solvent, but for the 
solubility of the organic components in the aqueous phase it would have 
been necessary to consider the mixture two components. For this part 
of the study TBP without diluent was used. This, of course, cannot be 
applied as such to the system in use, but gives an indication of the 
solvent losses which might be e^qpected. The solubility of TBP is shown 
with an eaqsnded scale in Figure 15. The significant points are that 
the water content of the solvent phase does not change appreciably, and 
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that the solubility of TBP in the aqueous phase remains consistently 
low up to ^  per cent nitric acid. 
The degradation of TBP by nitric acid has received considerable 
attention from other investigators (2, 19, 22, 28), Their work included 
studies at and below an acidity of three molar, and at ten^ratures from 
room temperature to 100 degrees centigrade. The general conclusions 
were that hydrolysis proceeded slowly at room temperature, but fairly 
rapidly at higher temperatures. Tests conducted by the author on TBP 
phases contacted with 15 molar aqueous nitric acid showed that in­
sufficient li^drolysis had taken place within two weeks at room 
temperature to allow a determination of phosphate the standard 
molybdate method (23) • Poor solvent behavior due to the presence of 
monobutyl and dibutyl phosphates has never been observed in this work. 
It was concluded that solvent degradation would not be a major problem 
and that the principal loss of TSP would be to the raffinate and 
product streams as dissolved and finely dispersed solvent. 
The concentration distribution diagram for nitric acid is shown 
in Figure 16. This diagram is valid for sjrstems not containing thorium. 
It has been shown by other investigators (9, 17) that the presence of 
thorixm lowers this curve. The effect is significant for thorium con­
centrations over 50 grams per liter of solvent. 
Figure 17 shows that the specific gravity of the solvent phase 
varies linearly with its acid content. 
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DEyELOEMEKT OF PILOT PLANT EXTHACTOR 
In order to get the most information out of the pilot plant study 
of the solvent extraction operation, the following specifications were 
placed on the extractor: 
1. It must operate continuously. 
2. It must have separate stages which closely approach theoretical 
stages. 
3. It must be stable in its operation. 
1).. It mast allow sampling of each stage. 
5. It must have a high ratio of through-put to holdup. 
6. It must be able to handle systems with a small difference ±n 
density between phases. 
Were it not for the stipulation of separate stages with provision 
for sampling, a pulse column or a centiriLfugal extractor might have 
served. A packed column would have an extremely low through-put to 
holdup ratio. A spray column was tried and foxmd to have a prohibi­
tively high height of an equivalent transfer unit. The mixer-settler 
extractor alone fulfills the specifications. 
It is the function of each stage of a mixer-settler to receive 
aqueous and solvent streams continuously from the previous and 
succeeding stages, tuty them, separate them and discharge them. The 
driving force for this movement is usually derived from the pvimping 
action of the mixer, but might be derived from the static head balance 
of the mixed phases against the separated phases. 
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One of the most difficult problems in establishing stability in 
a mixer-settler is to maintain the liquid-liquid interface at the 
desired depth in the settler. An analysis of the problem, which is 
applicable to almost all such devices, can be formed by considering the 
depth of the interface below the level of the light liquid as a 
function of the pressure at the heavy liquid exit port. Consider a 
settling chamber where the distance from the light liquid level to the 
heavy liquid outlet port is L, and the depth of the interface is h, as 
shown in Figure 18, If mixed phases are continuously being fed in, 
separated and drawn off, the interface will establish itself so that 
the pressure at the heavy liquid outlet port is given by Equation (6). 
Writing the interface depth as a function of pressure. Equation (7) 
results. 
Usually L is fixed by including an overflow weir on the light liquid 
port, and P is adjiasted to control the interface depth. 
Coplan (11) at Knolls Atomic Power Laboratory developed an 
extractor which used the pumping action of the impeller both to move 
the phases and to control the interface of the next stage. A schematic 
diagram which illustrates its principle of operation is shown in 
Figure 19. The lower part of the impeller shaft is an open-ended tube 
which conducts liquids from a depth D up to the iit5)eller where they are 
thrown out into the mixed phases. The capacity of this pun5>ing action 
P »- h(/^ (6) 
(7) 
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is considerably greater than the aqueous stream rate, and the liquids 
are recircvilated from the upper part of the mixing section to the 
lower part and up again, maintaining a relatively uniform mixture above 
the depth D. This recirculation is necessary to mix the phases 
adequately. The mixed phases are eventually discharged through louvers 
to the settler. 
The pressure at the bottom of the mixer, by which the interface 
in the previous stage is maintained, is given Equation (8), 
P - + (L - (8) 
In this equation, is the effective density of the mixed phases, and 
Ap is the pressure drop caused ty the flov7 of mixed phases from the 
top part of the mixer to the lower part. Substituting this expression 
in Equation (7)> an expression for the depth of the interface results. 
h - 2 ^ ( 9 )  
(^A "Pft) 
Yvam. this e:^ression it can be seen that as long as A p is small 
•with respect to "^1^* good operation can be expected. However, 
where iihe density differences are small, the aP term becomes control­
ling. Since the punning action of a mixer pmap may undergo unpredictable 
variations, the interface of a system of low density differences is 
difficult to control by this means. 
The unsuccessful attea^jts to find a suitable mixer-settler led to 
the development of an original Tjnit. The major emphasis was on inter­
face control. The means of controlling the pressure term consisted of 
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discharging the heavy phase through a conduit to an overflow weir, 
located a short vertical distance, x, below the overflow weir for the 
light phase« The pressure was the liquid head. 
This type of interface control requires that there be a liquid 
level lower than the heavy phase overflow weir to which the liquids can 
flow, which consequently requires that the liquids be pun5)ed from this 
lower level back to the level of the settlers. For this purpose, 
mixers were developed "(^ch could actually lift the mixed phases through 
a head of several inches at a reasonable rate* 
There were two extractors developed which en5>loyed the described 
principles. The first was fabricated from two-inch and three-inch 
glass test tubes and tygon tubing and was particularly suited for small 
scale pilot plant operation. The second, a box unit, was designed to 
be fabricated from conventional engineering materials and was suitable 
to large scale industrial operation. 
Each stage had three component parts: a mixing chamber, a settling 
chamber and an interface control tube. Drawings of these are shown in 
Figure 20. The aqueo-us exit stream from the settler of stage (n l) 
was conducted to one of the arms of the interface control tube which 
P - (L - x)/5 (10) 
Putting this into Equation (7)> Equation (11) results 
h » X — (11) 
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served as an overflow weir and could be adjusted to the proper height# 
Into the other arm of the interface control tube flowed the solvent 
from stage (n - 1), The lead on the bottom of the interface control 
tube was connected to the lead on the bottom of the mixing chamber of 
stage ( n). The mixer took both phases from the interface control tube, 
mixed them and discharged them to its settler. The normal pun?)ing 
action of the mixer was sufficient to pull the level in the interface 
control tube down to an inch or two below the aqueous weir. The flow 
pattern of the apparatus is shown in Figure 21. 
The extractor was supported on a frame consisting of vertical 
half-inch aluminom rods spaced 7.5 inches apart and extending down 
from a horizontal an^e iron. Each rod held a stage, using clamps and 
rings to hold the conqxjnents. The impellers were powered by individual 
l/50 horsepower laboratory stirrers, which were usually run at less 
than one third full speed. The assembled unit is shown in Figure 22. 
In the extraction and scrub sections of the extractor, where 
nitric acid was used, the impellers were stainless steel two-bladed 
turbines with curved blades. In the strip section, where sulfuric acid 
was used, the turbines were made of glass. 
This extractor had several characteristic advantages, one of which 
was the conqplete isolation of a stage fiMm its neighbors. Tnis was 
in^wrtant where either phase changed density drastically from one stage 
to the next. Another advantage was the high efficiency of the mixer. 
The control of the interface was virtually independent of impeller 
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speed, which was considerably higher than comparable extractors. The 
fact that both phases entered through the same port made ly-passing 
impossible. The capacity of the settlers was enhanced by the close 
control over the interface, 
Box-tj/pe Mixer-settler 
The major difference in the operation of the box \jnit and the tube 
unit was that in the box unit the phases entered at the top of the 
mixer, while in the tube unit they entered at the bottom. See 
Figure 23* 
Each stage of the box unit mixei^settler consisted of a mixing 
chamber, a settling chamber and a feeding chamber. The feeding chamber 
was directly above the mixing chamber, and a cylindrical weir tube 
extended up from the center of the mixing chamber into the feeding 
chamber. The aqueous phase from the preceding stage came from the 
bottom of its settler, up through a conduit, entered the side of the 
feeding chaniber at a point close to the bottom, filled the feeding 
chamber and overflowed the weir tube to the mixing chamber. The 
solvent coming from the next stage flowed directly into the feeding 
chamber, formed a film on the surface of the aqueous phase and flowed 
into the weir tube. The height of the weir tube determined the height 
of the aqueous column from the preceding stage. The vertical distance 
from the weir tube to the light liquid level was x in Equation (11). 
The weir was kept from filling with liquid by the pumping action of the 
miser. 
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The shaft of the impeller extended through the weir tube which 
assured that the weir tube coincided with what would have been the 
vojrtex in the mixing chamber. A ndxer of this type, two inches square 
and 2.5 inches high, was tested and found capable of pumping water at 
over eight gallons per hour through a head of four inches. 
The physical location of the settlers with respect to the feeding 
and mixing chambers is not critical and several arrangements are 
capable of producing good operation. Figure 23 shows, diagrammatically, 
a unit with an arrangement similar to that of the KAPL unit. 
A box unit was fabricated from plywood and glass, with stainless 
steel weir tubes and impellers. There were three stages with a holdup 
of about 1.2 liters per stage. A test was made using 3*2 gallons per 
hour of aqueous 0,23 molar HKO^ and 3»0 gallons per hour of 80 per cent 
TBP - 20 per cent Stoddard. Both liquids were re<grcled. The density 
difference was O.O8 grams per milliliter. The unit operated continuousQy 
and well for three hours after which failure of the materials of con­
struction became obvious. It was the specific object of the test to 
show that the construction of such a unit was feasible. This objective 
was attained. The attainment of the over-all objectives of this 
research did not warrant the construction of a larger, more permanent 
unit. 
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Stage Efficiency-
Tests were made on the tube-type nixer-settler to determine its 
stage efficiency. A seven stage run was laade with nitric acid as the 
only solute, from >7hich the stage-wise analyses and equilibrium data 
allowed the determination of stage efficiency. At a total through-put 
of 6,2 gallons per hour no deviation from 100 per cent stage efficiency 
could be detected. 
Since there was reason to believe that thorium is transferred 
from one phase to another with more difficulty, a test was jnade 
contacting an aqueous feed of thorium, cerim and nitric acid with. 
80 per cent TBP 20 per cent Stoddai^i solvent. Only one stage was 
used. The ratio of solvent to feed was maintained at 0.502 and the 
total through-put was varied. Talale 1 shows the results of the study 
basing the stage efficiency on the transfer of thorium and cerium. 
Tali^e 1 
Stage Efficiency of Mixer-settler 
Extracting Thorium 
Total 
through-put 
gals,/hr. 
Approximate 
residence time 
in mixer 
min. 
Efficiency 
per cent 
1.06 3.03 ^ 100 
2.50 1.28 9 5  
3.52 0,90 81 
U .22 0.75 7li 
5.78 0.55 71 
6.9k 0 .U6 
8.18 0.39 76 
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Pilot Plant Equipment 
The glass tube unit was used for all continuous pilot plant runs. 
Occasionally settlers 51 mi Hi meters in diameter were used in place of 
the 75-nillimeter settlers for the scrub section in mns where the 
through-put in the scrub section was considerably less than the through­
put in the extraction section. 
The feed solution and scrub solution were fed from thirty-gallon 
stainless steel drums equipped with an outlet lead at the bottom. The 
storage vessel from which the solvent was fed and to t^ch it returned, 
after being stripped, was a five-gallon glass carboy. The strip 
soltrtion was fed from twelve-gallon glass carboys. The product was 
collected in twelve-gallon glass carboys and the raffinate in thirty-
gallon stainless steel drums. Quarter-inch tygon lines were used to 
conduct the liquids. 
The streams were fed ty a Hills-McCanna proportioning puu^), 
type UMD-UF. This pump was built so that a single motor drove four 
separate pump assemblies which could be adjusted to separate flow rates. 
The punqp assemblies were of the positive displacement type, and the 
flow rates were adjusted 1:^ changing the stroke length of the piston. 
The pump had a max±num capacity of 1;.6 gallons per hour per stream. It 
was found necessary to provide a variable speed drive to the unit so 
that the flow rates might be increased or decreased without altering 
their ratios. The variable speed drive also allowed more accuracy at 
low flow rates. Another necessary modification of the pump was the use 
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of STorge relief chambers in the form of inverted half liter polyethylene 
bottles filled with air. These were installed on the inlet and outlet 
ports of each pmp assembly. Without these chambers the pulses in the 
lines caused by the abrupt piston movement would cause liquid to surge 
through the check valves, increasing the flow above that due to the 
piston displacement. With these chambers this was completely eliminated. 
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PILOT PLANT INVESTIGATION 
The pilot jiLant study was initiated to deinonstrate that high 
puidty thorixaj cotsld be produced continuously laj solvent extraction 
of a feed solution prepared by the nitric acid dissolution of the 
thorium concentrate from the Jimes monazite process. The only source 
of feed material was a pilot plant for the production of thoidum concen­
trate idiich was being developed K. Glenn Shaw. Due to the fact that 
itmch larger quantities of material had to be handled per pound of 
thorium, the capacity of the pilot plant to produce the concentrate was 
less than a tenth of the capacity of the extractor- While conditions 
for the digestion of the monazite sand and the precipitation of thorium 
were being studied, the thorium concentrates produced were used in 
pilot plant extraction runs to study the operability of the extractor. 
These runs were limited in both number of stages and operating time. 
In order to provide sufficient thorium concentrate for one run at proper 
operating conditions lasting long enough to reach steady-state, it was 
necessary to process a quarter of a ton of monazite sand. This 
required two weeks' operation of the digestion, precipitation and 
filtration units. 
Selection of Operating Conditions 
The solvent used in the pilot plant study was 60 per cent 
tributyl phosphate and 20 per cent commercial Stoddard solvent. A 
scrub solution of low nitric acid (0.5 molar) was used to minimize loss 
of nitric acid in the solvent and to make the stripping operation 
-59-
easier. Since the distribution coefficient for thorium has been shown 
to be virtually independent of temperature (25j lU)» the extractor was 
operated at room teii5>erature. 
It was not possible to choose the other operating conditions as 
easily because of their interdependence and because tliey have a 
significant effect on the cost of the extraction process. The operating 
conditions to be established were: 
1. Concentration of thorium concentrate in the feed. 
2. Concentration of nitric acid in the feed. 
3. Relative flow rates in both the extraction and scrub sections 
of the extractor. 
it. Number of stages in both the extraction and scrub sections of 
the extractor. 
The selection of these, which will be discussed in some detail, was 
based on a series of exgploratoiy pilot plant runs, the equilibrium 
data resulting from the laboratory investigations and the methods of 
calculations developed in the section on solvent extraction theoiy. 
Because the flow ratio for the scrub section was determined by-
factors Bwre or less independent of the operating conditions for the 
extraction section, and because this flow ratio influenced the selec­
tion of the extraction section operating conditions, the scrub section 
will be discussed first. 
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Scrub section 
The function of the scrub section is to remove rare earths from 
the thorium-laden solvent while returning as little thorium to the 
extraction section as possible. 
It was arbitrarily decided to set the tolerance of rare earths v 
in the product thorima at one part per million. If one part rare 
earths enters the scrub section per part thorium, the number of stages 
can be related to the flow rates by application of Equation (2) to give 
Because the transfer of solute is from the solvent to the aqueous phase, 
E is the reciprocal of KQ^Qg. Figure 2h shows graphically the number 
of stages as a function of E» Two opposing factors influenced the 
choice of E and n. The first was the difficulty of operating a large 
number of stages on a pilot plant scale. Aside from the mechanical 
difficulties, the length of time and the amoimt of feed required to 
reach steady-state increases rapidly as the number of stages is increased. 
The aspect of feed requirement was of prime ia^xirtance since the 
quantity of the thorium concentrate was limited. On the other hand, 
increasing E by increasing the scrub flow rate would tend to reduce the 
acid concentration in the extraction section which would necessitate an 
increase in the acidity of the feed. Increasing the number of stages 
beyond eleven results only in slight decreases in E, and reducing the 
number of stages below six requires large increases in E. 
O) 
= 10 
< 10 
FIG. 24 THEORETICAL STAGES VERSUS 
E X T R A C T I O N  F A C T O R  
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For the pilot plant run eight Idieoretical stages were used. This 
corresponded to a value of 5*5 for E. By assuming 0.13 for the 
average rare earth distribution coefficient, the ratio of scrub flow 
rate to solvent flow rate was fixed at 0.75» 
Under these conditions, and at steady-state, the central part of 
the scrub section would operate at a thorium concentration which 
corresponds to the intersection of the scrub operating line with the 
thorium equilibrium line for the prevailing nitric acid concentration 
(See Figure H). It is not possible to operate an extractor of a 
large number of stages with a scrub operating line that does not inter­
sect an equilibrium line (12). An atteii?>t to operate under these 
conditions would result in a shifting of the operating line back to 
where it becomes tangent to the equilibrium curve, the difference in 
solvent concentrations showing up as a loss of thorium in the 
raffinate. To avoid ttiis effect, the operating line i^ch was 
tangent to the 0.5 molar nitric acid thorium equilibrium line was 
taken as a maximum operating condition. With a flow ratio of scrub 
to solvent of 0«75j the maximum thorium concentration in the exit 
solvent stream was fixed at 66 grams Th02 per liter. 
Extraction section 
The function of the extraction section of the extractor is to 
transfer the thorium from the aqueous phase to the solvent. The 
components of this system include, in addition to thorium, substantial 
amounts of rare earths, nitric acid, phosphate, sulfate and sundry 
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minor impuidties which have followed the thorivna from the monazitc 
digestion. Precise prediction of the behavior of such a systeni is 
virtually in?)ossible. The laost reasonable approach to determine the 
proper operating conditions for the pilot plant run was to use the 
extraction factor concept. This involved the somewhat inexact 
assumption that the thorium distribution coefficient was constant in 
the extraction section and not a function of the thorium concentration. 
The assumption was justified by the fact that the thorium distribution 
coefficient was so much more dependent upon the nitric acid, 
phosphate and sulfate concentrations •sriiich were constant in the 
extraction section. The phosphate and sulfate were constant because 
they were not soluble in the solvent. The nitric acid was constant 
because its equilibrium line and operating line met at a wide angle, 
"pinching in" all the stages but the one on which the solvent entered. 
By setting some value for the desired thorium recovery and 
establishing a reasonable number of stages. Equation (2) was used to 
deterxtdne the required value of the extraction factor. After arriving 
at a value for the extraction factor, there were three variables to be 
manipulated to obtain it: the ratio of flow rates, the nitric acid 
concentration and the pho^hate concentration in the extraction section. 
Bat while these determined the extraction factor, they were dependent 
upon the more readily controlled variables: the concentration of nitric 
acid in the feed, the concentration of phosphate in the feed and the 
ratio of the feed rate to the incoming solvent rate (the ratio of scrub 
to solvent having already been fixed). In order to get a specific set 
-6k-
of values for these three variables, related to each other throiigh 
the extraction factor, it was necessary to supply two more limitations 
or relationships. 
The first was that the solvent used per unit weight of thorium be 
a minimum. This corresponded to the use of the maximum thorium concen­
tration in the exit solvent which was previously determined to be 
66 grams per liter and gave the relation 
Op Xp " • (13) 
The second was that the raffinate produced per unit thorium be a 
minimum. The reason for this was that virtually all of the nitric acid 
and water must be evaporated from the raffinate to effect nitric acid 
recovery, and the cost depended upon the total quantity of raffinate 
rather than upon its per cent nitric acid. An attempt to satisfy this 
requirement showed that the quantity of raffinate decreased as the 
acidity of the feed increased, so that the minimum raffinate occurred 
at a feed acidity over 70 per cent nitric acid. Laboratory tests 
showed that for nitric acid concentrations above 60 per cent, the 
thorium concentrate was not sufficiently soluble. The effect, there­
fore, of requiring minimum raffinate was to establish the feed 
acidity at 60 per cent (13 molar) nitric acid. 
Actual operating conditions were determined by trial-and-error 
calculations. A concentration of thorium filter cake in the feed was 
assumed and the following quantities calculated: 
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1. The ratio of feed to solvent. 
2. The acidity of the raffinate. 
3. The acidity in the extraction section, 
U. The ratio of voltaietric flow rates in the extraction section^ 
5. The phosphate and siJi^ate concentration in the extraction 
section. 
6. The thorium distribution coefficient, which was obtained 
from the equilibrium data. 
7. The extraction factor. 
These calculations were repeated until the proper value for the extrac­
tion factor was obtained. 
For steps two, three and four the calculations were based on a 
singjle water-solvent-nitric acid system for which sufficient density 
and equilibrium data.were available to allow the conversion from a 
weight per unit volume basis to a weight solute per unit solvent basis. 
The error arising from neglecting the metal salts was negligible since 
they seldom accounted for more than three per cent of the j^ases. The 
weight per unit wei^t method of calculation eliminated the error 
caused volume changes in the calculation of the acidity in the 
extraction section. By converting back to a volume basis it was 
possible to calculate a true ratio of solvent volumetric flow rate to 
aqueous voltmietric flow rate, which was found to be from 10 to 20 per 
cent higher than those calculated by neglecting the volume change. 
Sample calculations using this method are included in Appendix C. 
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The calculations for the pilot plant run were based on the \ise of 
five extraction stages and the recovery of 99,5 per cent of the thorium. 
The requirements of such a high recovery was used in view of the 
inexact assu^ tion that the thorium distribution coefficient was 
independent of the thorium concentration. 
Stidp section 
The purified thorium was removed from the solvent by stripping 
with a dilute sulfuric acid solution. There were two reasons for 
using acid instead of water. The first, and most important, was that 
the tygon tubing used to connect the chambers of the extractor failed 
rapidly when contacted with unacidified TBP, but lasted a surprisingly 
long time when there was a small amount of acid in the system. The 
second reason was that the presence of sulfate in sjrsteras of low nitric 
acid concentration markedly decreases the thorium distribution 
coefficient permitting the production of a more highly concentrated 
product in only a few stages. When the presence of sulfate in the 
product is objectionable, stainless steel equipment can be built and 
water can be used quite successfully. 
Preparation of Extractor Feed 
The thorium concentration from the Ames monazite pilot plant was 
received wet, containing If? per cent solids. In order to facilitate 
handling and analysis, it was air dried until brittle and pulverized 
in a Raymond screen mill. A sample splitter was used to obtain a 
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portion for analysis and study* The analysis of the cake was as 
follows: 
Per cent 
Total oxides* li6.3 
ThOg 2I;.3 
P2O5 20.6 
SOjj 16»7 
Insoliibles 1;«6 
Analysis of the insolubles showed that they contained titanim, 
probably as the phosphate, and silica. The insolubles were sliny, 
dark and volmninous, but settled rapidly from the nitric acid solution 
of the concentrate. 
A study of the solubility of the concentrate in strong nitric 
acid showed that amounts up to 350 grams of concentrate per liter of 
acid could be dissolved in 10 molar and 13 molar acid^ but as little 
as 50 grams did not dissolve in a liter of 16 molar acid. It was not 
discovered until after the pilot plant run that these solutions were 
not stable and very slowly precipitated thorium sulfate. The rate of 
precipitation was so slow that in the two days between the prepara­
tion of the feed and the run only 0«1 per cent of the thorium had pre­
cipitated. After standing a month, 20 per cent of the thorium had 
precipitated. Subsequent tests showed that the maximum acidity for 
maintaining a stable solution of this cake is between eight and ten 
molar nitric acid. The significance of this with regard to the process 
is not clear. The use of the higher acidity affords such an advantage 
Total oxides are the combined oxides of thorium and rare earths* 
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in reducing the quantity of raffinate that it would probably pay to 
use it and provide periodic intervals to recover the thorium that had 
precipitated. It is quite probable that the problem could be 
eliminated b7 reducing the sulfate content of the concentrate by 
washing it on the rotary filter, an expedient not used in the prepaid 
ation of the concentrate that was studied. 
The feed used for the run was prepared by dissolving i;3»3 pounds 
of cake in 639.7 pounds of 60.8 per cent nitric acid. The dissolution 
was completed in about ten minutes using a quarter horsepower 
propeller agitator. The solution was separated from the insolubles 
by decantation. 
Operating Conditions for Run 
The composition of the feed was as follows: 
g./l» lbs./gal. 
Total oxides 37»8 0«315 
ThO, 19.8 0.165 
PpOc 16.8 0.U;0 
13.6 0.113 
HNO3 813.1 6.785 
The solvent was 80 per cent TBP - 20 per cent commercial Stoddard 
solvent. It was recycled throughout the entire run, being returned 
£rom the strip section to the carboy from which it was pumped. The 
total amount of solvent en5)loyed was five gallons. 
The. scrub solution was 0.i|8 molar nitric acid and the strip 
solution was 0,29 molar sulfuric acid. The scrub solution was stored 
in a stainless steel drum and the strip solution^  in glass carboys. 
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The extractor was the glass tube unit described in the section 
on development of extractor and shown in Figure 22. Three-inch 
settler tixbes were used in the extraction section and two-inch settler 
tubes were vised in the scrub section. 
In order to provide the equivalent of five theoretical stages in 
the extraction section, six actual stages were used. An additional 
stage was added to allow acidification of the solvent, making a total 
of seven actual stages in this section. Since the flow rates were 
lower, the stage efficiencies were higher in the scrub section, and 
only nine actual stages were required to supply the equivalent of 
eight theoretical stages. 
The strip section, which was deliberately over-designed to 
prevent the possible recirculation of thorium, had five actual stages. 
The flow rates were as follows: 
inl«/inin« gal./hr. 
Feed 166.0 2.630 
Solvent 59»5 0.9li3 
Scrub 39.8 0,631 
Strip 63.5 0.100 
This produced in the extraction section an aqueous rate of 
199 milliliters per minute and a solvent rate of 69#9 milliliters per 
minute, giving a flow ratio of 2.85. The calculated acidity in the 
extraction section was 10.6 molar. The phosphate and sulfate concentra­
tions were lU grams per liter and 11.3 grans per liter, respectively. 
These conditions corresponded to a thorium distribution coefficient of 
6»h' 
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Mechanical Operation of Extractor 
The total time of operation was 20 hours and 20 lainutes. The run 
was started with low flow rates for ease of control. The extractor 
required constant attention for the first hour, and adjustments of 
liquid interfaces were frequent. After an hour and forty-five minutes 
the flow rates were increased to their final values^ and in two and a 
half hours the interfaces were definitely established in the settlers. 
Minor adjvistinents were required for the first part of the run as the 
concentrations increased and the density balance shifted. Occasional 
failure of stirrers required their replacement. The first samples of 
the exit streams were taken after four and a half hours of operation, 
and samples were taken at about hour intervals throughout the run. The 
aqueous product concentration was at 70 per cent of its final value 
after four hours of operation and increased slowly for the next four 
hours, after which there was no trend. There was no significant trend 
to the raffinate concentrations over the entire sampling period. These 
data are included in the Appendix D. 
There was a slight adjustment in the solvent flow rate after 
twelve hours of operation, but no significant effect from this was 
noted. During the last seven hours of operation, the extractor 
functioned excellently with no adjustments. 
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ResTd.ts of Pilot Plant Run 
The flow rates and material balances for the major ccmponents 
are shown diagrainmatically in Figure 25* The material balances were 
all within the accuracy of the analytical methods. 
The product thorium was of very high purity. The determination 
of rare eaiiihs in it involved concentrating them by a factor of a 
thousand using a solvent extraction procedure (see Appendix A) and 
converting the concentrate to the anhydrous fluoride. A spectrographic 
analysis of the resulting fluorides was made. None of the rare earths 
were detected positively and the values given below are maximum 
possible values. 
piaa. 
La <1.0 
Ce < 1.0 
Nd <0.5 
Pr <0.4 
Gd <0.U 
There were ixegligible quantities of the heavier rare ear-ths in the 
feed. 
It is known that traces of iron and chromium were in the product 
due to the corrosion of a stainless steel fitting which was inadvert­
ently left in the dilute sulfuric acid strip line. 
The raf f inate contained almost all of the free nitric acid 
entering the system, virtually all of the rare earths, all of the 
( 
other contaminants, except uranium, entering with the feed and about 
SOLVENT 
59.5 ml, /min. 
55.3 g. / min. 
FEED 
166 ml./min. = 235. g./min. 
TOTAL OXIDES 6.27 g./min. 
ThOe 3.45 g./min. 
HNO3 135. g./min. 
S C R U B  
39.8 ml./min. = 40. g. /min. 
HNO3 1.21 g./min. 
S T R I P  
63.3 ml./min. = 63.4g./min. 
SO4 I.84g./min. 
P  ' ' ' ' ' '  
RAFFINATE 
206ml./min. = 276 g./mln. 
T O T A L  O X I D E S  3 . 4 g . / m i n .  
Th02 0.3 g./ min. 
HNO3 I 34 g./min. 
f  
PRODUCT 
68.3 ml. /min. = 75.0 g./min. 
T h 0 2  3.3 g./min. 
SO4 1.8 g./mln. 
1.15 N 
SOLVENT TO RECYCLE 
FIG. 25. MATERIAL BALANCES FOR PILOT PLANT RUN. 
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eight per cent of the thoritm* The operating conditions were establish­
ed anticipating an average thoriiini distribution coefficient in the 
extraction section of which would have effected a thorium recovery 
of 99 per cent* A small batch countercurrent run was made rasing the 
proper feed concentration and flow rates to check the distribution 
coefficient* The cheiaical analyses of sazi^les from this run were 
originally in error and indicated that the distribution coefficients 
were of the right magnitude* ViToen subseqxiently corrected, they were 
found to be low. The resulting 92 per cent thorium recovery was lower 
than it might have been, because the necessary corrections in the 
operating conditions for the continuous run were not made* 
Figure 26 shows the X-T diagram for thorium and total oxides, 
giving the stage-wise concentrations to show the equilibrium points and 
the operating lines. The extraction section operating lines have a 
slope of three. This was predicted to be 2*85* The point correspond­
ing to the raffinate discharge falls below the operating line because 
of the -volume change accongjanying the transfer of acid to the fresh 
solvent. In "Uie thorium part of the diagram, corrected equilibrim 
points from the batch rm are shown. The fact that these lie on a 
curve slightly below that for the continuous run can be ejqxLained Isy 
a slightly higher acidity in the latter case. The close proximity of 
the curves suggests a high stage efficiency, the absolute measurement 
of which was not feasible with the available facilities* 
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FIG. 26 X-Y DIAGRAM OF PILOT PLANT RUN 
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The sciTib section operating line has a slope of 0.8. The thorium 
concentrations in most of the stages in the scrab section were con­
siderably higher than the feed concentration, which was 20 grains per 
literj yet the thorium passing from the scrab section to the 
extraction section was only about six per cent of the thorium coming 
in with the feed. This was possible because the nitric acid carried 
by the solvent into the first ferw stages of the scrub section raised 
the thorivim distribution coefficient enough to successfully oppose 
the refluxing action of the low acid scrub. The oval appearance of 
the "equilibrixm line" is caused by the changing of the distribution 
coefficieat with the acid concentration, and has been characteristic 
of all runs using a low acid scrub. 
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PROPOSED PROCESS AND ECOKOMIG EVALUATION 
Operations fln-m-iaTy to Ertraetion 
The purification of thorivna from the thorium concentrate would 
reqxjire several operations in addition to the solvent extraction 
operation. The thorium concentrate, received as a wet filter cake 
containing 15 per cent solids, would require drying to remove 80 per 
cent of the water to avoid diluting the extractor feed. The partially 
dried cake would be dissolved in 63 per cent nitric acid and passed to 
a settler where the insoluble silica and titanium would be concentrated 
for filtration. The filtered solution would then be fed to the 
extractor where the thorium would be separated from the rare earths. 
The aqueous product would be evaporated and the thorium recovered as 
thorium nitrate tetrahydrate. The raffinate would be processed for 
nitric acid and rare earth recovery. 
The nitric acid recovery would consist of first evaporating the 
raffinate continuously at atmosfiieric pressure in a large kettle to 
drive off 90 per cent of the volatile liquids. These go as vapor 
feed to a stainless steel distillation column operating at a reflux 
ratio of 5*7 and a ratio of returned vapor to bottoms stream of 0.57• 
Five theoretical plates in the rectifying section and three theoretical 
plates in the stripping section would produce a bottoms of 63 per cent 
nitric acid with negligible loss of acid in the overhead. The concen­
trated raffinate from the kettle would be withdrawn continuously and 
pun5)ed to smaller glass-lined kettles where sulfuric acid wo\ild be 
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added and evaporation continued until almost all of the nitric acid 
was recovered. Tne residue, consisting of the rare earth sulfates and 
phosphates would be slurried in water and recycled to the aonazite 
solution storage tank. By this means, special handling of the rare 
earths that followed the thorixaa concentrate would be avoided and any 
thorium discharged with the raffinate would be recovered. A schematic 
diagram of the process is shown in Figure 27. 
Table 2 lists the quantities of material that would be handled in 
the streams of a plant processing five tons of thorium per month, 
assuming 300 working dajrs per year. The operating conditions listed 
have been revised slightly from the pilot plant run and would effect 
about 98 per cent recovery of the thorium. 
Plant Extractor Unit 
The design of the proposed mixer-settler unit, because of its 
importance in the process, will be considered separately. 
The plant mixer-settler would be a box-type unit scaled up by a 
factor of 50 over the pilot plant unit. The mixing sections would be 
scaled up by volume and the settling sections, settling area. The 
mixing chambers would be eight inches by eight inches and ten inches 
highj and the settling sections would be eight inches by forty-four 
inches and twelve inches high. The feeding chamber would be eight 
inches by eight inches and two inches deep. Three ten-stage units 
would be used. It was estimated that these units, if constructed from 
WET 
THORIUM 
CONCENTRATE 
F E E D  
STORAGE 
SCRUB 
STORAGE 
DRYER DISSOLVE R 
63% HNO3 
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< 
S T R I P  
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FIG. 27 P R O P O S E D  T H O R I U M  P U R I F I C A T I O N  P R O C E S S  
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Table 2 
Material Handled in Process Streams of Proposed Plant 
Basis: Five tons of thorium per month 
lbs,/hr« gals./hr. 
Thorium 
Wet thorium concentrate 
Semi-diy thorium concentrate 
Nitric acid, 63$ 
Feed to extractor 
Solvent 
Scrub solution 
Strip solution 
Aqueous product 
Raffinate 
Concentrated raffinate 
16.6? 
520 
156 
1»360 
1,520 
362 
26U 
391; 
1*20 
1,760 
198 
115 
126 
U7.2 
31.6 
U7.2 
50 
157 
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quarter-inch stainless steel plate would require about 1,200 povinds 
of stainless steel each, or a total of 3j600 poimds. Using a cost of 
90 cents per pound for stainless steel plate xri.th standard polish and 
1;0 cents per pound for fabrication and shop costs, the material and 
labor costs would be $li,660. To this shoxild be added an engineering 
and design cost of $2,000 and $200 for motors to arrive at a final 
estimate of $6,900 for the extractor assembly. 
Cost Analysis 
Since the filtaration of the silica-titanium sludge and the 
recovery of the nitric acid have not been demonstrated on a pilot 
plant scale, the equipment size, operating conditions, and perfonnance 
of these steps had to be estimated* For this reason the cost analysis 
must be considered an approximation. 
The costs of some of the equipment were available from estimates 
tsj manufactureirs, but uwst of the cost data were taken from the 
literature (31) or approximated by means of the six-tenths power rule. 
A breakdown of the equipsaent costs is given in Table 3. 
The method by which the total conversion cost was estimated was 
an approximate method outlined by Oybdal (13) and the factors used 
were his. Unit chemical costs were taken from "Chemical and 
Engineering News." The labor requirements were estimated to be four 
men per shift at an average wage of $1.80 per hour, and one supervisor 
at $5>500 per year. The assumed location of the plant was Femald, Ohio. 
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Table 3 
Process Equipment Cost for the Proposed Process 
Basis: Five tons of tiioriiai per month 
Nmber Item Ck>st 
1 l,500-gal« Pfaudler kettle $ 6,900 
1 500-gal, Pfaudler kettle 5,100 
3 200-gal, Pfavidler kettles 13,000 
3 1,000-gal. tanks 1^,500 
1 300-gal. tank 700 
h l50-gal, tanks 2,000 
1 dryer 13,000 
2 filter presses 7,000 
1 distillation coltrnm 5,000 
2 condensers 6,900 
3 mixer-settler tmits 6,900 
- pVBsps and iriotors U,000 
Total numbered equipment 179,000 
Installed Process Equipment Cost 
(3*1 times total numbered equipment) »,900 
Cost of building $ 50,000 
-62-
The conversion costs are suimnarized in Table !;> showing that the 
purification of the thorium from the thorium concentrate from the Ames 
monazite process would be about §2.07 per pound of thorium. 
Discxission of Cost Estimate 
The process described here is intended to illustrate the complete 
series of steps which are necessary in the purification of thorium 
starting with the thorium phosphate concentrate from the Ames monazite 
process, and is not necessarily the optimum design. Before a detailed 
cost analysis could be made, more pilot plant data on the drying, 
dissolution, filtration and acid recovery operations would be required. 
Of considerable importance is the comparison of this process with 
a process using a thorivim concentrate free of phosphate. In processing 
a phosphate-free concentrate the ssime operations would be required, 
with the possible exception of the diying step, but the whole plant 
would be smaller. The concentration of the feed could be increased 
and the amoimt of raffinate processed per pound of thorium would be 
decreased. Calkins (10) listed in detail the operating conditions 
for the Battelle monazite process, which is a comparable process 
using a phosphate and sulfate-free thorium concentrate. The ratios 
of the quantities of material handled per tanit thorium in the 
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Table k 
Prelindnaiy Process Cost Estiaiate 
for Proposed Thorium Purification Plant 
Plant capacity: Five tons of thorim per month 
Basis: One povmd of thorivm 
Units/lb. Th Unit Cost Cost 
A. Raw Materials 
Nitric acid, 36° Be U.5 lbs. $0,0$ /lb. $0,225 
Sulfuric acid, 93^ 1.5 lbs. 0.01 /lb. 0.015 
TBP 0.08 lbs. 0.635/lb, 0.051 
Stoddard solvent 0.003 gals. O.3O /gal. 0.001 
Freight 0.015 
Total Raw Materials Cost $0.31 
B. Direct Conversion Cost 
Water, 1,000 gals. 1.2 $0.05 $0.060 
Steam, 1,000 lbs. 0.3 0.50 0.150 
Power 6 KWH O.Ol/KWH 0.060 
Laboratory 0»030 
Labor 0.292 man hrs. 1.80/hr. 0.526 
S\;^rvision O.OU6 
Overhead, payroll charges, etc. 
(79% of labor plus supervision) 0.1^52 
Total Direct Conversion Cost $1.32 
C. Indirect Conversion Cost 
Depreciation of process equipnent 
(20.2^ per year of installed 
process equipment costs) $0.lA3 
Depreciation of building 
(5*2% per year of building cost) 0.022 
Total Indirect Conversion Cost $0.1Ji 
Total Conversion Cost $2.07 
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proposed process to the corresponding quantities in the Battelle 
process are listed belov. 
Extractor feed i;.!; 
Scrub Oo73 
Raffinate 3*6 
Solvent 1.1 
TBP l.k 
The chemical cost would be about the same for both processes, 
since the major cost is the loss of nitric acid which renains in the 
rare earth mass after evaporation of the raffinate; and it is 
independent of the amount of nitric acid that has been evaporated from 
it» The filtration of the insoluble titanium-silica sludge would also 
be the same. 
The principal difference would be in the equipment cost and in 
the cost of water and steam. The bulk of the equipanent would be 
reduced by a factor of about 2.5 and the utilities would be reduced 
by a factor of about three. Applying the six-tenths power rule to 
the equipment cost and correcting the utilities cost, the conversion 
cost for a phosphate-free thorium concentrate is 17 per cent, or 
35 cents per pound of thorium lower than the conversion cost for the 
thorium phosphate concentrate studied here* 
According to Shaw (2ij.) it is possible to produce a thoritm concen­
trate essentially free of phosphate from the thorium phosphate concen­
trate at a total conversion cost of about 35 cents per pound of thorium. 
The conversion involves the digestion of the thorium phosphate 
concentrate with caustic to form the hydrous oxides of thorium and the 
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rare earths, filtering and washing the filter cake free of phosphate. 
The dissolution of the corweii^d concentrate in nitric acid and 
subsequent solvent extraction was not investigated. 
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CONCLUSIOHS 
It may be concluded in general tiiat the solvent extraction of 
thorim nitrate from a feed solution containing substantial amounts 
of phosphate and sulfate is economically competitive with other 
processes for purif^dng thorium when such a feed can be made available 
at a reasonable saving over a phosphate-free feed. 
The following are the conclusions which can be drawn: 
1. For the extraction of thorium nitrate from systems containing 
phosphate and sulfate, solvents containing higher fractions of TBP are 
more effective. 
2. For the extraction of thoritun nitrate with 80 per cent TBP -
20 per cent diluent, the detrimental effect of phosphate can be over­
come by the use of nitric acidj and, when the concentrations of nitric 
acid and jdiosphate are increased proportionally, a net increase in the 
thorium distribution coefficient results. 
3» The detrimental effect of j^osphate on the thoritna distribution 
coefficient can be markedly reduced by the use of ferric nitrate. 
Because of the complications it would cause in processing the raffinate 
stream and because the cost of commercial ferric nitrate is high, it 
is not recommended for industrial use. 
U. A mixer-settler extractor developed in this research success­
fully handled, in a pilot plant run, a system of aqueous and 60 per cent 
TBP - 20 per cent Stoddard solvent solutions of thorium nitrate tp to 
concentrations of 100 grans per liter ThOg. 
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5* This mixer-settler, when tested in the extraction of thorixca 
with 80 per cent TBP - 20 per cent Stoddard solvent, attained about 
95 per cent stage efficiency at a residence time per stage of 6»lt 
minutes and ahout 75 per cent stage efficiency at a residence time per 
stage of 2*3 minutes. 
6. This mixer-settler is capa^iLe of precise interface level 
control, particularly when low density differences are encountered, 
7» This mixer-set1J.er has been constmxcted and operated both in 
a glass tube design which is applicable to small scale pilot plant work 
and in a box-type design which is practical for industrial applications, 
8. Thorium can be extracted from a nitric acid solution of the 
thorium concentrate from the Ames monazite process with a high recovery 
by countercurrent solvent extraction with a solvent of 80 per cent TBP -
20 per cent inert diluent# 
9. ^y employing a scrub section of eight theoretical stages to 
the above extraction operation and using a 0.5 molar nitric acid scrub 
solution with a ratio of scmb flow rate to solvent flow rate of 0.75> 
it is possible to produce thorium with rare eaith in^jurities on the 
order of one part per million, increasing the number of stages, it 
appears that a product of any desired purity may be prodiiced. 
10. A cost analysis based on a production rate of five tons of 
thorium per month indicated that thorium could be recovered at a high 
purilgr from the specific thorium concentrate referred to in this thesis 
by techniques discussed here at an estimated total conversion cost of 
$2,07 per pound of thorium. 
-B8-
11, A caustic digestion step to remove the phosphate from the 
thorivoa concentrate from the Aiaes monazite process prior to solvent 
extraction would effect little or no saving over the process studied 
in this research. 
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APPENDIX A 
ANALITICAL METHODS 
Tivhen possible, analyses were performed l^y the standard nethods 
given laj Scott (23)* These included the analyses of phosphate, sulfate 
and acidity. The acidities reported for the pilot plant run were 
determined by titration with standard base to a pH of three. The 
analyses which deviated from the standard methods are described below. 
Total Oxides 
Total oxides were the combined oxides of thorium and the rare 
earths. The determination consisted of an oxalate precipitation of the 
thorium and rare earths by adding an excess of oxalic acid to an 
aqueous solution, 0.5 molar in nitric acid, containing about 0.3 grams 
of the metals. Vihen phosphate was present the solution was stirred 
during precipitation. The precipitate was allowed to stand overnight, 
filtered on Schleicher and Schuell blue ribbon filter paper, washed, 
ignited at 700 degrees centigrade and weighed. 
The concentrations of total oxides in TBP solutions were determined 
1^?- stripping the organic phase three times with equal volumes of about 
0.1 molar sitLfuric acid, contacting the combined strips with petroleum 
ether to remove residual TBP and proceeding as above. 
Thorium (ThOg) 
Thorium, when in the presence of rare earths, was determined by the 
method of and Byrd (1), which, in essence, consisted of saturating 
-9li-
the aqufioxis sample with aluminum nitrate, extracting with mesityl 
oxide to separate the thorium from the rare earths and determining 
the thorium spectrophotoiaetrically by use of the organic coi!5)lexing 
"thoiln," 
When not accompanied by rare earths thorium was detersdned by the 
same method as the total oxides. 
Analysis for Hare Earths in Pilot ELant Product Thorium 
Because the rare earths were present to such a small extent in the 
product thorium, it was necessary to concentrate them many times before 
any convenient method of detection could be used. The procedure by 
which this was done is described bdow. 
The original sample was six liters of aqueous product from the 
run •Jriiich contained 293 grams ThOg. This was diluted and the metals 
were precipitated with ammonia as l^droxides and filtered. The preci­
pitate was dissolved in nitric acid and concentrated to a volume of 
two liters by boiling. This was extracted three times with equal 
volimies of TBP. The extract phases were combined and washed three times 
with four molar nitric acid to remove any extracted rare earths. The 
wash solutions were combined with the raffinate and the metals were 
again precipitated as the hydroxides, filtered, dissolved in nitric acid 
and concentrated. The process was rejseated two more times, each time 
with smaller volumes as the bulk of the thorium decreased. The metals 
from the final aqueous solution, i^en determined as total oxides. 
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amounted to 0.27 grams. The oxides vere converted to the anhydrous 
fliiorides by solid phase reaction with aKnaonium bifluoride. The rare 
earths were then determined spectrographieal 1.y. 
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APPEHDIX B 
THORIDM DISTRIBOTIOH COEFFICIENTS BETWEEN 
AQOEOUS PHASES AND 80 PER CENT TBP - 20 PER CENT n-HEPT&NE* 
Table 5 
Effect of Sulfate, Phosphate and Nitric Acid 
HNO3 S0l^ 
(aqueous) 
Bjols/l* g«/l« g«/l» 
0.73 
0.^ 
3.0 6.0 0.0 
3.0 8.0 9.5 
3.0 8.0 38.2 0.3U 
3.0 16.0 0.0 0.23 
3.0 16.0 ii.8 0.18 
3.0 16.0 9.5 0.20 
3.0 16.0 38.2 O.lU 
5.0 0.0 0.0 30.2 
5.0 0.0 U.8 19.8 
5.0 0.0 9.5 19.0 
5.0 0.0 38.2 ppt. 
5.0 8.0 p.Q 2.5 
5.0 8.0 ]i.8 2.2 
5.0 8.0 9.5 2.1 
5.0 6.0 19.1 1.7 
5.0 8.0 38.2 1.3 
0.75 
0.67 
5.0 16.0 0.0 
5.0 16.0 U.8 
5.0 16.0 9.5 0.62 
5.0 16.0 19.1 0.5k 
5.0 16.0 38.2 0.1i5 
5.0 31.9 9.5 0.136 
5.0 U7.9 9.5 0.061 
6.0 8.0 0.0 IO.I1 
8.0 8.0 9.5 8.6 
8.0 8.0 38.2 6.5 
8.0 16.0 0.0 3.1 
8.0 16.0 U.8 2.U 
8.0 16.0 9.5 2.2 
8.0 16.0 19.1 2.0 
8.0 16.0 38.2 1.8 
Initial thoriuni concentrations were 9.8 grams of ThOg per liter. 
Table 6 
Effect of Phosphate and Nitric Acid without Sulfate 
HNO3 K 
(aqueous) 
ii»ls/l« 
13.8 32,8 3-98 
13.8 2]i.5 7.65 
13.8 16.2 19.9 
12.0 28.6 3.50 
12.0 21.U 6.83 
12.0 lii.l 16.6 
10.0 23.8 2.67 
10.0 17.8 l;.6l 
10.0 11.8 10.U 
8.0 19.0 1.78 
8.0 lU.2 2.93 
8.0 9.U 6.56 
6.0 lit.3 1.32 
6.0 10.7 2.10 
6.0 7.1 h.hh 
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Table 7 
Effect of Ferric Ion 
HN03 ^2°5 SO^ ^®2^3 K 
(aqueous) 
g./l. g./^. nols/l* g./i. 
3.0 0.0 9.5 21.0 12.6 
3.0 8.0 0.0 21.0 6.1t 
3.0 8,0 9.5 21.0 h.h 
3.0 8.0 38.2 21.0 1.6 
3.0 16.0 9.5 10.5 0.146U 
3.0 16.0 9.5 21.0 i.lt5 
3.0 16.0 9.5 ii2.0 6.87 
5.0 0.0 9.5 21.0 21.S 
5.0 8,0 0»0 21.0 15.2 
5.0 8.0 9.5 10.5 1;.5 
5.0 8.0 9.5 21.0 9.7 
5.0 8.0 9.5 h2,o 21.6 
5.0 8.0 38.2 21.0 li.*6 
5.0 16.0 9.5 21.0 3.7 
5.0 39.9 9.5 21.0 0.26 
5.0 55.9 9.5 21.0 0.07U 
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APPENDH C 
SAMPLE CAICUUTIONS FOR 33ETEEKINING THE OPERATING COHDITIONS 
FOR THE PILOT PL&NT EXTRACTOR 
The information given was: The maziiiiuni concentration of thorium 
in the prodioct solvent is 66 grams ThOg per literj the feed is 
13 molar in nitric acidj the ratio of scrub to solvent flow rates is 
0»755 "the scrub is 0»5 molar nitric acid; and the extraction factor 
reqvdred to give proper recovery is 2»62» 
Assume 25 grams ThOg per liter in the feed. 
1, Ratio of feed flow rate to incoming solvent flow rate: 
Qj/Qj • 66/2S • 2.6U ml./ml» 
2* Acidity of the raffinate: 
AssvaoB a simple nitric acid system* Determine the ratios of the 
weight rates of water to acid free solvent where these weight rates 
for the feed, scrub, total aqueous and solvent are q^, q^ and 
respectively. 
cy'qj - 2.6^(0.1*0) 1.37/0.92 » 1.57 g./g« 
qs/qi • 0.75(0.969) 1.02/0.92 » 0.805 g./g. 
<1^0^ • + qg/qj " i«57 • 0.805 " 2.38 g./g. 
Let X be the weight of nitric acid per tmit weight water and y be 
the weight of nitric acid per imit weight acid-free solvent. 
'^''100-^03 'f - 60A0 - 1.5 g./g. 
« 
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Asstnne that the acid entering with the scrab equals the acid 
carried out with the solvent. The acidity of the raffinate, 
is then due to the feed acidity only. 
Xfi • sy - 1.5 (1.57/2.38) » 0.99 g./g. 
Acidity in the extraction section: 
Plot a nitric acid equilibritm diagram of y versus x. Draw the 
operating line from Xg with a slope of c^/q.<p. The intersection 
of the operating line and the equilibrium line is the acidity in 
the extraction section, x^. 
Ratio of volvinetric flow rates: 
Determine the densities from plots of density versus acidity. 
Phosphate and sulfate concentration in the extraction section: 
Obtain the feed concentrations of su3Jfate and phosphate from the 
con^sition of the thorium concentrate. 
x^ • 1.102 g./g. y = 0.266 g./g. 
(HN03)^ " 1.102/(1 + 1.102) - 52.3^ = 10.95 M HNO^. 
= 2.95 ml./inl. 
PoOt-
- 0.850 g./g. 
ThOg 
SO, 
-Ji « 0.688 g./g. 
ThOg 
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, . (25) (0.85) (1.57) (2.5) (1.31;) 
^ 2 5'A " (2.38) (2.1) (1,37) 
^^2°5>A " S.A. 
(SOj^)j^ = 13.2 g./l. 
Thoriian distribution coefficient: 
Talcing into consideration only the nilaric acid and phosphate con­
centrations, obtain from Figure 7, 
H 
Correct the distribution coefficient for sulfate by use of 
Equation (it)« 
, -0.007(13.2) 
Extraction factor: 
E - - 7.1;/2.95 = 2.5 
This extraction factor is a little loarer than the desired value. 
The calculations shotJld be repeated asstoaing a slightly lover 
feed concentration. 
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APPEHDH D 
DATA. FROM PILOT PUKT RUN 
Table 8 
Extractor Aqueous Product Rate and Concentration 
during the Pilot Plant Run 
Time of 
san^le Flaw Rate Th02 
hrs. of 
operation aO-./ain. g./l. 
71.0 35.3 
5.5 69.3 39.9 
6.7 72.U hS.O 
7.5 69.6 hk.2 
8.9 72.0 51.9 
10.1 69.5 55.lt 
11.6 68.9 50.8 
13.7 66.2 lik,9 
1U.6 70.6 h3,k 
15.7 69.2 h^.9 
16.7 68.0 he.7 
17.8 67.3 U8.9 
20.3 68.3 U8.8 
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Table 9 
Erbractor Raffinate Rate and Concentration 
daring the Pilot Plant Run 
Time of Total 
sainple Flow Hate Oxides Th02 
hrs, of 
operation ml./rain. g./l. g./l. 
223 15.6 1.1 
5.1 221 16.3 1.6 
6.1i 229 16.8 1.6 
7.5 220 16.3 1.6 
8.8 190 I6.1i 1.3 
10.0 216 16.0 1.0 
11.5 213 16.2 1.1 
13.5 2(^ 16.9 1.6 
m.5 206 16.5 1.5 
15.5 211 16.7 1.5 
16.7 206 16.8 1.5 
17.5 205 16.7 1.5 
20.3 206 16.7 1.5 
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TaKLe 10 
Acidities and Concentrations in the Stages of the 
Pilot Plant Extractor 
Aqueous Phase Solvent 
Stage Total Oxides ThOg Acid Total Oxides ThOg % 
g«/l» g./l. H g./l. g./l. 
1 16.68 1.U7 10.27 7.8 6.0 l;.l 
2 18.3 2.88 11.09 21.6 22.2 7.5 
3 22.6 5.92 11.08 3h.k 30.8 5.2 
h 26.U 8.72 11.22 Uh.2 39.1 1;.5 
5 29 .li 12.0 11.10 50.8 1;8.9 i;.l 
6 31.3 15.6 10.90 5U.8 52.1; 3.1; 
7 32.7 16.7 11.10 57.1; 3.1; 
8 6.3 5.1 ii.3lt 6S.96 12.9 
9 13.3 12.6 2.1i9 76.8 6.1 
10 27.2 26.3 1.7lt 87.6 3.3 
11 lil.2 i.ai 9lt.8 2.3 
12 50.3 1.25 98.1; 1.96 
13 55.0 1.16 99.0 1.80 
111 55.5 1.08 96.1; 1.71; 
15 51.3 0.9U 87.0 1.70 
16 37.6 0.88 61.7 1.61; 
17 U8.8 1.15 17J; 0.356 
18 15.2 1.01 0.08 0.0Q53 
19 0.23 0.88 - -
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EXPLQRATOE 
Coadensation c£ Data f r 
Feed Scrub Solvent 
ThOg 
g»/2.» 
Total 
Oxides 
g.A. 
Vs ^4 
g.A. g.A. 
HKO^ 
molsA* 
HMO^ 
molsA* 
TBP 
% 
Diluent 
la 
1 none none none none none 5 0.25 100 -
2 none none none none none 5 0.25 100 -
3 24 60 20 10 33.5 4.9 0.25 100 -
A 16.5 26 13.5 0.8 22.4 7.0 0.09 90 n-Hsptane 
5 5.18 16.8 2.84 2.6 la 7.68 none 80 Stoddazd, 
solvent 
6 none none none none nooe 8.3 none 80 « 
7 8.93 16.3 6.0 1.3 none 8.01 0.36 80 n 
8 
- - - - - -
- 80 n 
9 11.4 32.6 none noiae iKsne 7.2 003 80 « 
10 11.4. 32.6 none none nose 7.2 
SO4 • 
^
0
 0
 H
 I
I 80 
• 
n 11.4 32.6 none nore none 7.2 mm 80 ff 
12 19.8 37.8 2£i8 23J> seee 12.9 0.5 80 II 

APSEmU £ 
EXPLORATCSEI EEERACTOR PILOT PLAKT RUBS 
Table U 
tion of Data from JSzploratoxy Extractor Pilot Plant Bcms 
Solvent Flotf Bates Stages Results 
TBP 
% 
Diluent Feed 
XLL«/Mn* 
Solvent 
znl./sdn. 
Scrub 
isl/min. 
Extraction Scrub 
Section Section 
Tharium 
Eecovery 
$ 
Product 
Tb. 
ppm. E.E. 
100 
-
varijed varied vaxoed 3 3 - - Poor eztrad 
100 - 55 105 75 4 3 , - - Good operati 
100 - 66 44 44 3 4 - - Poor phase .< 
90 i>-Hsptane 31.5 35 35 4 5 >99 1^00 Some diffici 
80 Stoddard 
solvent 
136 94.8 68.2 4 4 >99 /vlOO Good qperat: 
80 n' 49.8 . 262.8 79.5 3 4 - - Ron to dete: 
80 « 185 121 93 5 5 88 <50 Poor stripp: 
80 n 
- - - - - -
- lifeiste thcri 
80 « 149 245 108 3 4 >99 30 Scrub secti 
80 a 149 145 108 3 4 >99 30 Scrub secti 
80 « varied varied - 1 - - - Stage effic 
80 « 166 59.5 39.8 7 9 92 <3 I'^or pilot 

PLANT RUSS 
tractor Pilot Plant Bans 
i Stages Results 
Scrub 
id/sdn. 
Erfcraction Scrub 
Section Section 
Tharim 
Eecovery 
Product 
!Qi 
ppm* E.£, 
Caments 
varied 3 3 - - Poor eztractrar design 
75 4 3 . - - Ciood operation 
UU 3 - - Poor phase separation 
35 K 5 >99 /vlOO Some difficulty vith extractor 
68.2 Ar 4 >99 /vlOO Good operation 
79.5 3 it - - Bon to determine stage efficiencies 
93 5 K 88 <50 Poor stripping; recycled thoriua 
- - - - -
l£aste thorium recovery; ik> data 
108 3 >99 30 Scrub section study 
108 3 it >99 30 Scrub section study 
- 1 - - - Stage efficiency run 
39.8 7 9 92 <3 I'^or pilot plant run; see text 

